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Abstract. Particle-in-cellsimulationsof solitarywaveshavebeenperformedusing
a 2 spatialand3 velocity dimensionelectrostaticcodewith oneelectronandtwo
ion species.Datafrom theFastAuroral Snapshot(FAST) andPolarspacecraftare
usedto provide input parameters,andon thebasisof theseobservations,no cold
plasmawasincludedin contrastto earliersimulations.Simulationscontaining
bothoxygenandhydrogenbeamsarecomparedto simulationsthatcontainonly
hydrogento examinethe effectsof the oxygenon the behavior of the solitary
waves. In both casesthe solitary wave speedsarelessthanthe hydrogenbeam
speed,andthey arealsogreaterthantheoxygenbeamspeedfor thecasesincluding
oxygen.Thesimulatedsolitarywaveshavespatialscalesof theorderof 10

���
and

potentialamplitudesof theorderof 0.1 �����	��

� , which areconsistentwith Polar
spacecraftobservationsin thelow-altitudeauroralzone.

1. Introduction

Solitarywavestraveling parallelto thebackgroundmag-
netic field have beenobserved in many partsof the mag-
netosphere.Thesesolitarystructuresareidentifiedby their
bipolarelectricfield structureparallelto themagneticfield.
Firstseenin theauroralaccelerationregionbyS3-3[Temerin
et al., 1982], solitary waves have sincebeenobserved in
many regionsof themagnetosphere,includingthecusp,bow
shock, plasmasheetboundarylayer, magnetosheath,and
magnetotail. Recentobservationsof solitary waves in the
auroralzonesuggestthat thereare two classesof solitary
waves:thoseassociatedwith electronbeamsandthoseasso-
ciatedwith ion beams[Ergun et al., 1998]. Solitary waves
associatedwith electronbeamstendto have higherspeeds
thanthoseassociatedwith ion beams.Solitarywavesthatare
associatedwith ion beamswerefirst observedin theauroral
accelerationregion by S3-3[Temerinet al., 1982], laterby
Viking [Bostr̈ometal., 1988], andmostrecentlyby FastAu-
roral Snapshot(FAST) [McFaddenet al., 1999a] andPolar
[Mozeretal., 1997; Boundsetal., 1999]. Solitarywavesas-
sociatedwith electronswerefirst observedby Geotail[Mat-
sumotoet al., 1994] andlaterby FAST [Ergunet al., 1998],
Polar [Cattell et al., 1999; Franz et al., 1998, 2000], and
Wind [Baleetal., 1998].

S3-3’s original observationsof solitary wavesin the ion
beamregionhadsolitarywaveswith a lower limit of several
volts of net potentialdrop acrossthe structureanda lower

limit of 50km s��� onthespeedsof thestructures.Thestruc-
tureshadsizesbothparallelandperpendicularto theback-
groundmagneticfield of � 40 ��� , assumingthat therewas
acoldbackgroundplasmapopulation[Temerinetal., 1982].
Viking’s observationsgave net potentialdropsup to 2-3 V
andspeedsof 5 - 50km s��� . Scalesizeswereof theorderof
50-100m, with theperpendicularscalesizesbeingslightly
greaterthantheparallelsizes.Thesescalesizestranslatedto� 10 ��� , includinga cold electronpopulationof 5 eV and
5 cm�	� [Koskinenet al., 1990; Mälkki etal., 1993] thatwas
indicatedby theViking observations.

A recentPolarspacecraftstatisticalstudyof ion-related
solitary wavesin the auroralaccelerationregion [Dombeck
et al., 1999] gives much different characteristicsfor these
structures.Thepotentialamplitudeof thestructures,�����������
(where � is the fundamentalcharge, � is the potentialam-
plitude, � is Boltzmann’s constant,and ��� is the electron
temperature),is � 0.1,where����� is upto 1 keV (i.e.,poten-
tialsof 10-100V). Thesolitarywavespeedsarebetweenthe
hydrogenandoxygenbeamspeeds,in thesame75-300km
s��� rangeasthat found in a previous Polarstudy [Bounds
et al., 1999]. The scalesize in the parallel direction is �
10-20 ��� , with the Debye length being � 200 m in this
case(J.P. Dombecket al., ”Observedtrendsin auroralzone
ion-modesolitary wave structurecharacteristicsusingdata
from Polar,” submittedto Journal of GeophysicalResearch,
2000,hereinafterreferredto asDombecket al., submitted
manuscript,2000). RecentFAST observationshave indi-
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Table 1. SimulationParameters

Parameter SimulationValue PhysicalValue

Grid size 128by 128 21.2km by 21.2km
Sizeof eachgrid box 1 ��� by 1 ��� 165m by 165m
Plasmafrequency 1 �� �� 9 KHz
Numberof time steps 10,000
Lengthof timestep 0.3 � ��� �� 33 ! s
Electroncyclotronfrequency 9 �� �� 81 kHz
Electricfield 0.6 �"�#�$�&%(' 14 mV m ���
Hydrogento electronmassratio 100 1,836
Oxygento hydrogenmassratio 16 16

catedthat cold plasmadensitiesareinsignificantin the up-
ward ion beamregion [Strangewayet al., 1998; McFadden
etal., 1999c]. Theseobservationsarethemotivationfor this
studyof ion beamrelatedsolitarywaves.

Previoussimulationstudiesof the ion beamrelatedsoli-
tary waves attemptingto explain the S3-3 and Viking ob-
servations[Bostr̈ometal., 1988] havedescribedion solitary
wavesasbeingrelatedto ion acousticsolitons[Barnesetal.,
1985; Marchenko andHudson, 1995], or Bernstein-Greene-
Kruskal (BGK) ion phasespaceholes [Tetreault, 1991],
while electronbeamrelatedsolitary waves are thought to
beelectronacousticwaves[Duboulozet al., 1991], or BGK
phasespaceholes[Muschietti et al., 1999a, 1999b; Gold-
manet al., 1999; Singh, 2000]. The work on ion acoustic
solitonsis basedon the theorythat nonlinear, coherentpo-
tentialpulsescandevelopfrom linearacousticwaves[Lotko,
1983]. Later work extendedthis theoryto includeH ) and
O) beams[Qianetal., 1989]. In thesimulationsthesestruc-
turesdevelopedfrom the interactionof oneor moreion or
electronbeamswith backgroundion and electronpopula-
tions. The BGK phasehole theory is basedon the idea
that holes in the phasespacedistribution of ions can de-
velopowing to thermalfluctuations,andthattheseholescan
propagate and grow [Dupree, 1982]. In simulationsthese
structuresform owing to drifts betweenion and electron
speciesandowing to thermalfluctuations. Simulationsof
bothmechanismsfor developingsolitarywavesmatchedthe
S3-3andViking observationsfairly well, but thenew obser-
vationsof plasmadistributionsandsolitarywave character-
isticssuggesttheneedfor new simulationstudies.

In thisstudyweexamineion beamrelatedsolitarywaves
seenin theauroralaccelerationregion. Our goal is to deter-
mine theeffect of (1) no cold plasmaand(2) ion composi-
tion, onthesolitarywaves.Theparametersweusearebased

on FAST andPolarobservationsof theauroralacceleration
region[Strangewayetal., 1998; McFaddenetal., 1999c]. In
orderto modeltheobservedplasmaparameters,we include
hydrogenand oxygenions, sinceboth speciesare usually
presentin ion beamsin theauroralaccelerationregion. Pre-
viousone-dimensional(1-D) studiesof solitarywaves[Hud-
sonet al., 1987] have shown that the inclusionof both ion
speciesresultsin thetwo-streaminstabilitywhichaffectsthe
rangeof conditionsunderwhich solitary waves can form.
Further1-D studies[Gray et al., 1992] showedthatsolitary
wavesformedmorequickly whenoxygenwaspresentthan
whenonly hydrogenwasincluded.We will comparethere-
sultsof our simulationsto theoriesandrecentobservations
of ion solitarywaves.In section2 we describethedetailsof
thesimulation.Section3 presentsresultsof someof thesim-
ulationruns.Comparisonto observationandadiscussionof
thesignificanceof ourstudiesaregivenin section4.

2. Simulation Details

OursimulationsweredoneusingES2[see,e.g.,Marchen-
ko andHudson, 1995], a2.5-dimensional,electrostaticpart-
icle-in-cell codewith periodicboundaryconditions.SeeTa-
ble1 for detailsonsimulationparametersusedandthephys-
ical valuesthat they correspondto. A 128by 128grid was
usedfor the runspresentedhere,with eachgrid beingone
Debyelengthlong on aside.Thesimulationswererunwith
timestepsequalto 0.3timestheinverseelectronplasmafre-
quency ( � �*� &� ), with 10,000iterationsdonefor eachrun. In
addition,runswerecompletedwith a 1024by 128grid and
with time stepsof 0.03 � ��� �� to examinenumericaleffects.
Potentialplots wereaveragedover 100 iterations(30 � ��� �� )
in order to averageout high-frequency noise. The plasma
wasmagnetizedsothattheelectroncyclotronfrequency was
equalto 9 timestheelectronplasmafrequency. Thechosen
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Table 2. Species-DependentParameters

Electron Proton Oxygen

Numberof particles 13,1072 65,536 65,536
Temperature( ��� ) 1 0.2 0.2
Beamspeed( +-,.� ) 0 0.2-0.8 0.05-0.2

valuefor the cyclotron frequency leadsto a highly magne-
tized plasma,which previous studies[Barneset al., 1985]
hadindicatedwasnecessaryfor solitarywaveformation.An
electricfield, equivalentto a potentialdropof 0.6 ��� across
thesimulationbox,wasappliedalongthemagneticfield di-
rection. The appliedelectricfield is addedto simulatethe
field-alignedpotentialdrop seenin the auroralacceleration
region, ashasbeendonein previous particle-in-cell(PIC)
studiesof solitary waves [Marchenko and Hudson, 1995].
This electricfield acceleratestheparticlesandresultsin rel-
ative drifts which provide the sourceof free energy for the
solitarywaves.

Simulationsof both two- and three-speciesplasmasare
presentedhere.In thetwo-speciescasestheplasmaspecies
usedarea stationaryhot electronpopulationanda hydro-
genbeam(with thephysicalnumberdensityof eachbeing1
cm��� ). In thethree-speciescasesanoxygenbeamis added.
A studyof ion beameventsin theauroralzoneusingFAST
[McFaddenet al., 1999c] datafound that the ratio of O)
numberdensityto H ) numberdensityrangedfrom 0.28to
1.44,with typical valuesbeingaround1. McFaddenet al.
[1999c] alsofound that the ratio of He) numberdensityto
H ) numberdensityrangedfrom 0.20to 0.67,soheliumions
couldalsoplayarole in thedynamicsof ion-associatedsoli-
tarywaves.For thepurposesof thisstudyit wasdecidedthat
lookingonly athydrogenandoxygenbeamswouldbesuffi-
cient. Futurestudieswill alsoincludehelium. Theoxygen
to hydrogennumberdensityratioof 1 waschosensinceit is
fairly typical of the observations. McFaddenet al. [1999c]
also found plasmasheetion densitieswhich rangedfrom
muchsmallerthanthebeamdensitiesupto comparableden-
sities.For thepurposesof thisstudywechooseto ignorethe
plasmasheetpopulation,thoughfuturestudieswill include
it.

Theion beamsstartout with equalenergies,giving them
differentvelocities,which leadsto two streaminteractions
betweenthe beams[Bergmannet al., 1988]. Simulations
wererun with the ratio of hydrogento electronmassequal
to 100 to conserve computingtime [Barneset al., 1985],
while theoxygento hydrogenmassratiowas16. Theplasma

speciesparametersfor the three-plasmaspeciescasesare
shown in Table2 andwerechosento follow theparameters
recentlyobserved [McFaddenet al., 1999c]. The parame-
tersusedfor thetwo-speciescasesareidentical,exceptthat
all of theoxygenparticlesarereplacedby hydrogen.In the
simulationsall valuesarenormalized,andthephysicalunits
matchingthesechoiceswereasfollows. Theelectrontem-
peraturewas initially 0.5 keV, while both ion specieshad
temperaturesof 0.1keV. Theion beamswerechosento have
drift energiesrangingfrom 2 to 32 keV. Someof thesedrift
energiesarehigherthanthe rangefrom 0.8 to 10 keV seen
by FAST [McFaddenet al., 1999c], but the higher values
wereusedso that therewould bea wider rangeover which
to determinetheeffectsof changingthebeamenergy.

3. Simulation Results

Resultsof a simulationwith a hydrogenbeamof speed
0.4 +-,.� andan oxygenbeamspeedof 0.1 +-,.� areshown in
Plate1, where +-,.� is the electronthermalspeed.The soli-
tary wavescanbe identifiedasnearlycircular depressions
in theelectrostaticpotentialin thesesimulations(seePlates
1e and1f). At thebeginningof a simulationrun, thepoten-
tial is flat, but electrostaticion cyclotronwave perturbations
in the potentialbegin to build up. Theseperturbationsoc-
cur at boththehydrogenandoxygencyclotronfrequencies.
Solitary structuresbegin to form after � 400 � �*� �� . They
propagate in the beamdirectionand last between150 and
2000 ����� �� , with typical lifetimesof � 400 ����� �� . Thesolitary
structuresarecircular in shapewith radii of theorderof 10��� . Thesizeof thestructureschangesduringtheir lifetime,
with a typical solitary wave startingout small both in am-
plitudeandspatialsize,growing for a time, thenshrinking,
anddissipating.Theshapesvarysomewhatbetweensolitary
waves in the samerun, with the shapeshaving a rangeof
oblateness,butwith adefinitetendency towardbeingslightly
oblateperpendicularto themagneticfield asin Plates1eand
1f. This leadsto typical scalesizesbeingslightly larger in
theperpendiculardirection( � 15 ��� ).
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Plate 1. Phasespacedensitiesfor (a,b) thehydrogenionsand(c,d)theoxygenions,aswell as(e,f) theelectrostaticpo-
tential,for iterations4450(1335� �*� �� ) and4550(1365� �*� �� ). Theelectrostaticpotentialarein unitsof �:�;�=<��$� , where��� <
is the original electrontemperature. The phasespacedensityplots are in particlesper phasespacegrid box, where
the phasespacegrid is divided into 128 in the X directionand100in the >$? direction.Theseplotsarefrom the8-keV
beamrun,which correspondsto beamspeedsof 0.4 + ,.� and0.1 +�,.� for the hydrogenand oxygenbeams,respectively.
Theelectrostaticpotentialshown is averagedover 100 iterations(30 � �*� &� ) to remove high-frequency oscillations. The
solitarywavesarethedark,circularareasof negativepotential,andthey move from right to left with ion beams. This
is the samedirectionasthe ion beamsandappliedelectricfield andthe oppositedirectionfrom the backgroundmag-
neticfield.
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Thedevelopmentof thesolitarystructuresis alsoevident
in thephasespacedensitiesof theplasmaspecies(seePlates
1a-1d). Initially, all speciesare Maxwellians,but the dis-
tributions begin to show sizeablefluctuationsat aboutthe
sametime that solitary structuresfirst appearin the poten-
tial. Thesefluctuationstendto bein phasespatiallybetween
species,with themajorpeaksandtroughsof thephasespace
density tending to line up acrossspecies. Thesefluctua-
tionsmove in theion beamdirection,asthepotentialstruc-
turesdo. As thesimulationprogresses,thephasespacefluc-
tuationsbecomemorepronounced.The simple sinusoidal
forms of the early fluctuationsare replacedby morecom-
plicatedforms. Thetwo-streaminstability leadsto aninter-
estingphasespacestructurein thehydrogenions(seePlates
1a and1b), with a patternresemblinga standingwave. At
the antinodesthereis a peakin both the negative andpos-
itive sidesof the velocity axes in the phasespacedensity
at the samex value, with a hole in the phasedistribution
between.At the nodesthe phasedensityreachesits high-
estvalues,andparticlesarespreadover a smallerrangeof
speeds.Webelievethiscomplex patternis causedby thebal-
anceof the two-streaminteractionwhich tendsto bring the
hydrogendrift speeddown to the oxygendrift speed,and
theelectricfield which tendsto acceleratethehydrogenions
morequickly than the oxygenions. Phasespacedensities
of this type areseenonly in the three-speciescases.In the
two-speciescasesthehydrogenphasespacedensitiesresem-
ble thoseseenin the oxygenphasespacedensityshown in
Plates1c and1d. No standingwave patternsareformedin
thesecases,thoughsinusoidalphasespaceoscillationsdo
occur. It is likely thattheextracomplexity seenin thethree-
speciescasesis dueto thetwo-streaminteraction.

Theeffect of the two-streaminteractionis evident in the
behavior of the ion speciesdrift speeds,asshown in Figure
1. The momentumtransferbetweenthe ion speciesis ev-
ident in the sharpfall in the hydrogendrift speedand the
risein theoxygendrift speedcenteredarounditeration4000
(1200 � �*� &� ). This timeperiodis alsowhenthesolitarywave
activity is greatest.Thoughthetwo-streaminstabilityworks
to equalizethebeamspeedsof the two ion species,the ap-
pliedelectricfield preventsthecompleteequalization.After
iteration5000(1500 � �*� &� ) thesolitarywave activity begins
to dissipate,theeffectsof theappliedelectricfield dominate,
andbothion speciesincreasetheir drift speeds.As with the
drift speeds,the effectsof the solitary wavesarealsoevi-
dentin the parallel(Figure2) andperpendicular(Figure3)
drift energiesof the plasmaspecies.The ion speciesboth
havepeakheatingratesparallelto themagneticfield around
iteration4000,owing to the interactionof the ionswith the
solitary waves. After the solitary wavesdissipate,the par-
allel thermalenergies of the ion specieslevel off, and the

0@ 2000 4000 6000 8000 10000@
IterationA

0.1
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Figure 1. Plot showing theion drift speeds,with a logarith-
mic scalein unitsof theinitial electronthermalspeed( +-,.� ),
versusiteration,whereeachiterationis 0.3 � ��� �� . Figure1 is
for the casewherethe initial hydrogendrift speedwas0.4+-,.� andtheinitial oxygendrift speedwas0.1 +-,.� .
hydrogenionsevencool slightly. Theelectronheatingrate
is more constant,thoughthe heatingrate doespeakwhen
the solitary wavesaredominant. The heatingrateperpen-
dicular to the magneticfield for the ions alsopeakswhile
the solitary wavesaredominant(Figures3b and3c). The
ions show the effectsof ion cyclotron waves,with oscilla-
tions at the correspondingion cyclotron frequency evident
in bothion species.Theelectronsshow very little heatingin
theperpendiculardirectionbecausethetime stepsizeof 0.3� ��� �� doesnot resolveoscillationsof theorderof theelectron
cyclotronperiod, �DC�EGF(� �*� &� .

Someof the physical parametersusedfor the runspre-
sentedherewerevariedin otherrunsto examinetheireffects
on theresults.Theappliedelectricfield wasvaried,in order
to seehow it affectedthesolitarywaves. Solitarywavesdo
not develop in this simulationif the field is omitted. De-
creasingthe value usedfor the electric field increasedthe
lengthof time it took for the solitarywavesto developand
decreasedthepotentialdropseenin thesolitarywaves.Uti-
lizing HJIK�L���� ��NMPO leadsto a highly magnetizedplasma,
which previous studies[Barneset al., 1985] indicatedwas
necessaryfor solitarywave formation. To testwhetherthis
was the casewhentherewasno cold plasma,several runs
with lower magneticfields (i.e., HJIK�QM 1 �� �� and0.1 �� �� ,
comparedto theoriginal valueof 9 �� &� ) weredone. These
runs still had solitary waves, thoughthey were smaller in
potentialamplitudeandslightly moreoblatein the perpen-
diculardirection.

Several computationalparameterswere varied in order
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Figure 2. The parallel thermalenergy, normalizedto the
speciesinitial thermalenergy, versusiteration,whereeach
iterationis 0.3 ���*� �� , shown for the (a) electrons,(b) hydro-
genions,and(c) oxygenions.Figure2 is for thecasewhere
the initial hydrogendrift speedwas 0.4 +-,.� and the initial
oxygendrift speedwas0.1 +-,.� .
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Figure 3. The perpendicularthermalenergy, normalized
to thespeciesinitial thermalenergy, versusiteration,where
eachiteration is 0.3 ����� �� , shown for the (a) electrons,(b)
hydrogenions,and(c) oxygenions. Figure3 is for thecase
wherethe initial hydrogendrift speedwas0.4 +-,.� and the
initial oxygendrift speedwas0.1 +-,.� .
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to isolate any numericaleffects on the simulatedsolitary
waves. Additional runswereperformedwith grid sizesup
to 1024 ��� alongthemagneticfield line to ensurethatpar-
ticle recycling dueto the periodicboundaryconditionsdid
not alter the results. Theseruns gave resultswhich were
equivalentto thoseshown here.Theeffectsof thetime step
sizewerealsotestedby usinga time stepthat wasa factor
of 10 smaller in one case(0.03 ���*� �� insteadof 0.3 ���*� �� ).
This changehadno noticeableeffect on the solitary wave
behavior, thoughelectronsdid heatmorein theperpendicu-
lar directionthanin Figure3a, sincethis time stepsizere-
solved the electroncyclotron timescale.The effectsof the
numberof simulationparticlespergrid cell werealsotested
by performinga simulationrun with 8 timesasmany par-
ticlespergrid cell. Thebehavior of the solitarywaveswas
notchangedin thisrun,thoughtherewasadecreasein noise
whichallowedfor averagingover fewer iterations.

In orderto seehow thesolitarywavebehavior variedwith
ionbeamcharacteristics,simulationrunswereperformedfor
a rangeof ion beamenergies,which wereequivalentto ini-
tial hydrogenbeamdrift speedsbetween0.2and0.8 +-,.� . The
speedsat the lower end of this rangeare more typical of
what is observed in the auroralregion, but a wide rangeof
drift speedswasexaminedin orderto studytherelationship
betweenbeamdrift speedand solitary wave speed. Runs
with this rangeof beamenergiesweremadewith hydrogen
and oxygenbeams(seeFigure 4a), as well as just hydro-
genbeams(seeFigure4b), in orderto assesstheeffectsof
the oxygenbeamon the solitary waves. The speedsof the
solitarywavesweredeterminedby following theminimum
potentialof a structurebetweeniterationsto determinehow
far thestructuremoved.Thesolitarywavestructuresarenot
alwayssymmetrical,so the minima of the potentialdo not
alwaysfall at the locationthat is thecenterof thestructure.
This leadsto uncertaintyin thesolitarywave speeds,which
necessitatesaveragingthespeedsover severalframesof the
electrostaticpotential,or at least150 � ��� �� , in orderto getac-
curatespeeds.Theseaveragespeedsfor eachsolitarywave
arethenaveragedfor a few separatesolitary wavesto find
typical speedsfor a run, andthey areplottedagainstbeam
speedsin Figure4. Theaveragesolitarywave speedsfor all
runslie below thehydrogenbeamspeed.In the caseswith
bothhydrogenandoxygenthesolitarywave speedsarebe-
tweenthe two beamspeeds.This resultmatcheswhat has
beenobserved by the Polarspacecraftin the auroralaccel-
eration region. Boundset al. [1999] found, using Hydra
ion distribution dataand assumingthat both H ) and O)
hadequalenergies, that the solitary waveshadspeedsbe-
tweenthebeamspeedsof H ) andO) . FurtherPolarspace-
craft studiesfound (Dombecket al., submittedmanuscript,
2000),usingH ) andO) distribution data,that theion soli-
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Figure 4. Plots showing solitary wave speedsand beam
speedsat the time of the measuredsolitary waves versus
startinghydrogenbeamspeedfor (a) hydrogenbeamonly
runsand(b) hydrogenandoxygenbeamruns. All speeds
arenormalizedto the startingelectronthermalspeed.The
beamspeedsplottedaretakenfrom thetime whenthesoli-
tary wavesarepresentin thesimulations.Thebeamspeeds
changeduringthesimulationrunsowing to interactionwith
theotherspeciesandwith theappliedelectricfield.

tary waveshad speedsbetweenthe measuredH ) andO)
beamspeeds.

The electrostaticpotentialamplitudealsoshows depen-
denceontheinitial beamenergies,asshown in Figure5. The
dependenceshown is basicallylinear, thoughthereis scat-
ter. Thescatteris to beexpectedsincetheplottedpotential
amplitudesaretheaverageamplitudeof aparticularsolitary
wavefor agivensimulationrun. Thegeneraltrendof having
largeramplitudeswhenlargerbeamspeedsareusedcanbe
explainedby the greaterfree energy madeavailableby the
moreenergeticbeams,which is convertedinto electrostatic
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Figure 5. The electrostaticpotentialamplitude,in units of�����L�$� , versusstartinghydrogenbeamvelocity, in units of+-,.� , plottedfor eachof thetwo beamcasesthatareplottedin
Figure4a. Theelectrostaticpotentialamplitudesplottedare
theaverageamplitudesthatdevelopedfor onesolitarywave
studiedin eachrun,andthey arenormalizedby theelectron
temperatureat thetime thesolitarywaveswerepresent.

potentialenergy by thesolitarystructures.

4. Discussion

4.1. Comparison to Theory

We have presentednew resultson ion solitarystructures
which differ from previous studiesbecausethe plasmapa-
rametersin the simulation are basedon recentPolar and
FAST data. The absenceof cold plasmaandthe inclusion
of oxygenions distinguishthis work from previous studies
[Barneset al., 1985; Marchenko and Hudson, 1995]. Pre-
vious1-D simulationswhich includedcoldplasmasandone
ion beamfoundthatsolitarywavescanform from linearion
acousticwavesthat arepumpedby the decayof ion beam
modes[Gray et al., 1991]. In our H ) beamcasessimilar
processesmay be occurring,with the hot electronsprovid-
ing thebackgroundpopulationin placeof thecold plasma.
For theH ) andO) beamcases,comparisonwith studiesin-
cludingbothspeciesis enlightening.Linearanalysisof H )
and O) beamsof equalenergies showed that two-stream
instabilitiescan excite modesthat propagate both parallel
to [Bergmannand Lotko, 1986] andobliqueto [Bergmann
et al., 1988] thebackgroundmagneticfield. Themodesex-
cited by the two-streaminstability arerelatedto the acous-
tic andcyclotronmodesof hydrogenandoxygen. The1-D
simulationstudiesincludingcold H ) andO) beamsfound
that the ion two-streaminstability led to ion acoustictur-

bulencewhich grew nonlinearlyinto solitary waves [Gray
et al., 1992]. Similar processesareat work in the H ) /O)
beamcasespresentedhere,so that the solitary wavesfrom
bothH ) andH ) /O) casesarelikely beingformedfrom ion
acousticturbulence,andwe classifythesestructuresas“ion
acousticsolitary waves.” The term “ion acousticsolitary
wave” is usedinsteadof “ion acousticsoliton” becauseit
is notclearthatthesestructuresmeetthestrictmathematical
definitionof theterm“soliton.”

Thepropagationspeedsof thesolitarywavesin thisstudy
fit reasonablywell with theory. Ion acousticsoliton theory
predictedthatthesolitonsshouldhaveavelocityequalto the
ion acousticspeedrelative to thereferenceframeof thecold
ion species[Lotko, 1983], which is the sameas the phase
velocityof linearion acousticwaves.This ideawaslaterex-
tendedto allow for thereplacementof thecold background
populationby an ion beamof anotherspecies[Qian et al.,
1989]. Whenthis theorywasappliedto simulationstudies,
it wasfound that the solitary structuresslow down astheir
amplitudeincreases[Hudsonetal., 1983]. Sothedifference
betweenthespeedof thesolitarywavesandthepopulation
they areriding on is expectedto be lessthanthe ion acous-
tic speed.Applying theseprinciplesto theH ) beamcase,it
wouldbeexpectedthatthesolitarywaveswouldmovewith a
speedsomewhat lessthan0.1 +-,.� slower thanthehydrogen
beamspeed,sincethe hydrogenacousticspeedis 0.1 +-,.� .
FromFigure4a it canbeseenthat thespeeddifferencebe-
tweenthesolitarywavesandthehydrogenbeamis of theor-
derof thehydrogenacousticspeed,but for thehigherspeed
beamsthe differencetendsto be substantiallygreaterthan
0.1 +-,.� . Thespeeddiscrepanciesfor highinitial beamspeeds
maybea resultof thefact that theelectronsareheateddur-
ing thesimulation,with thisheatingbeingmorepronounced
in the higher beamspeedcases,which causesan increase
of thehydrogenacousticspeedfrom its startingvalue. The
solitarywave speedsin theH ) andO) beamcasesarealso
consistentwith describingthestructuresasion acousticsoli-
tary waves. The speedsof the solitary wavesarebetween
the beamspeedsof hydrogenandoxygenbeams,aswould
be expectedsincethe most linear modesare in this region
[Bergmannet al., 1988]. Someshift in thephasevelocities
is expectedin thecontext of thesenonlinearsimulations,but
a reasonablefirst approximationis to expectthatthesolitary
structureswill propagateatspeedsaboutequalto thehydro-
genacousticspeedrelative to oneof the beamspecies.As
shown in Figure4b, for low beamspeeds,thesolitarywave
speedsrelative to thehydrogenbeamspeedarelessthan0.1+-,.� , while for the higherbeamspeedsthey aremuchmore
than0.4 +-,.� . Thesolitarywave speedandtheoxygenbeam
speedlines track eachothermoreclosely, so it is possible
thatthesolitarystructuresarehydrogenmodesriding on the
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oxygenbeam,insteadof thehydrogenbeam.This resultis
consistentwith speculationthat a secondion speciescould
take theplaceof a cold backgroundion population[Cattell
et al., 1999]. The0.05- 0.15 +-,.� betweentheoxygenbeam
and the solitary waves is very similar to the velocity dif-
ferencesseenbetweenthe hydrogenbeamandthe solitary
structuresin theH ) beamcase.

The parallel scalesizesfor the observed solitary waves
are consistentwith ion acousticsoliton theory. The scale
sizesseenherewere �ZF&C[��� in bothdirections.FromZa-
kharovandKuznetsov [1974] it isexpectedthatthesesolitary
waveswould have scalesizes�\F&C]��� parallelto themag-
netic field and �^F&C`_ ���Ja(bdcfe aQg F�hi��� perpendicular
to themagneticfield for thesesimulations,where c�e is the
hydrogenion gyroradius. Marchenko and Hudson[1995]
pointedout that caremustbe taken whencomparingscale
sizeresultsto observationsin caseslike this whenan arti-
ficial electronto proton massratio is used. The artificial
massratio affectstheexpectedscalesizeratio, with results
for a physicalelectronto protonmassratio being3.2 times
higher, yieldinganexpectedperpendicularscalesizeof � 50��� , in this case.So,if thesolitarystructuresin thesesimu-
lationswereion acousticsolitons,it would beexpectedthat
the physically observed solitary structureswould be much
larger in the perpendiculardirectionthanin the paralleldi-
rection. Another importantconsiderationis that sincethe
potentialis averagedover time, theparallelsizeof thesoli-
tary wavesmay be exaggeratedowing to the motion of the
solitarywavesalongthemagneticfield.

In contrastto previousresults,solitarywavesformedfor
cyclotronfrequencieslessthantheelectronplasmafrequen-
cy, [Barnesetal., 1985; Marchenko andHudson, 1995]. The
differencein plasmaparametersprobablyexplainsthis dis-
crepancy. The earlierwork did not includeO) anddid in-
cludecold plasma,whichhadasmallergyroradius.

Sincea cold backgroundpopulationwasrequiredto sup-
portBGK ion phasespaceholesin formulationswherether-
mal fluctuationsare invoked as a generationmechanism
[Tetreault, 1991], it is unlikely thatthesolitarywavesshown
hereinareBGK phasespaceholesof that type. Although
it is possiblethat theoxygenbeamcouldactasa cold pop-
ulation for the hydrogenbeam,this would still not explain
thestructuresseenin thehydrogen-onlybeamcase.Sowe
believe thatit is unlikely thatthestructuresweseeareBGK
ion phasespaceholescausedby thermalfluctuationsin cold
plasma.However, theresultsfor theH ) andO) beamcases
do show structuresthat appearto be phasespacevortices.
It is possiblethat thestructuresthatwe seeareBGK phase
spaceholesthathave beengeneratedby the two-streamin-
teraction,by ion acousticwaves,or by ion cyclotronwaves.
Furthercomparisonsto expectedBGK modecharacteristics

will beincludedin anupcomingstudy.

4.2. Comparison to Observations

Thesolitarywavesobservedin thesimulationsdescribed
hereinare in agreementwith recentPolar observationson
a numberof points. The speedsof the simulatedsolitary
wavespresentedhereareintermediatebetweentheO) and
H ) beamspeeds,consistentwith thoseseenby Polar(Dom-
becket al., submittedmanuscript,2000). This result is in
contrastto previous simulationstudiesof ion-relatedsoli-
tarywaves,includingcoldplasma[Marchenko andHudson,
1995], which resultedin muchlower speeds.Theselower
speedsare not surprising,since therewas a cold popula-
tion to supportthem, and speedsof the order of bulk ve-
locity or beamvelocitieswould be expectedwhenthereis
no cold plasmapresent. The speedsfound in thosesimu-
lationsmatchedthe observational resultsof Bostr̈om et al.
[1988] from Viking which gave thesolitarywave speedsas
beingbetween5 and50km s�*� , muchlessthantheion beam
speed.NotethatrecentFAST observationsfoundthatsome
of the highestamplitudesolitary waves had speedsabove
the hydrogenbeamspeed[McFaddenet al., 1999b]. This
is not observed in our simulations. The size of the simu-
lated ion solitary structures,� 10 ��� parallel to the mag-
netic field, is also consistentwith the structuresizesseen
by Polar [Boundset al., 1999; Dombecket al., submitted
manuscript,2000]. Although scalesizesperpendicularto
the magneticfield have not beenobserved in asmuchde-
tail, owing to difficulties in determiningsizestransverseto
thedirectionof themotion,preliminaryresults(Dombecket
al.,submittedmanuscript,2000)suggestthatthescalesizein
theperpendiculardirectionis slightly larger( � 15 ��� ) than
in the paralleldirection. This resultcontradictsthe scaling
expectedif thesestructuresareion acousticsolitons( � 50��� , due to the artificial massratio), but it agreeswith the
sizedirectlymeasuredin thesimulations.Thepotentialam-
plitudes, �j�����:�"� , for thelower beamspeedspresentedhere
areof the orderof 0.1, ashasbeenseenby Polar [Bounds
et al., 1999;Dombecket al., submittedmanuscript,2000].
Thepotentialamplitudewas � 0.1in thelowestbeamenergy
(0.2 +-,.� - 2 keV) casepresentedhere. For the larger beam
speedsthe simulatedpotentialamplitudes( �j�����:�"�lkmC�EGF )
are somewhat larger than the typical valuesseenby Polar
( �����������onZC�EpF ) (Dombecket al., submittedmanuscript,
2000), but the beamspeedsin thosesimulationrunswere
alsogreaterthanthe Polarobservations. The potentialam-
plitudesfor similar beamspeedsareconsistentbetweenthe
simulationsandthePolardata.
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5. Conclusions

Recentspacecraftobservationsof ion solitarywavesand
plasmaparametersin the auroralzonesuggestedthe need
to performnew simulations.Wheninput parametersfor the
simulationsare updatedto exclude cold plasma,as deter-
minedfrom recentFAST observations,and includehydro-
genandoxygenbeams,solitary structuresresultwhich re-
sembletheobservedstructuresin thefollowing ways:

1. Thesolitarywavespeedsfall betweenthebeamspeeds
of thehydrogenandoxygenbeams,aswould beexpectedif
thetwo-streaminstability wasinvolved.

2. The structuresizesobserved in the simulation are�qFLCr��� bothparallelto andperpendicularto themagnetic
field line. If thesestructuresareassumedto beion acoustic
solitons,the perpendicularscalesizeto compareto the ob-
servationswould be �sh$Cl��� , owing to the effectsof the
artificial massratio usedin this study. Observationsfind the
sizesto beof theorderof F&Ct��� .

3. Thepotentialamplitudeof theseion solitarywavesis
similar to whathasbeenseenin theobservations,�j�����:�"�J�C�EGF .

Furtherwork needsto be doneto betterunderstandion
solitary waves in the magnetosphere.Among the unan-
sweredquestionsis why ion solitarywaveshave only been
observed in the auroralzone,while electronsolitary waves
havebeenobservedin many regions.Earlierspeculationthat
ion solitarywaveswerenotobservedathighaltitudesowing
to the lower ratio of HJ�#���� �� [Cattell et al., 1999] hasnot
beenborneoutby thisstudy, thoughit is possiblethatdiffer-
encesin plasmadistribution functionshapeexplain thelack
of observationsof ion solitarywavesin otherregions.Sim-
ulationswith smallertimestepsandspatialscalesneedto be
performed,in orderto betterseehow thespatialstructureof
ion solitary wavesevolves. Studiesincluding He) andhot
plasmasheetionsshouldbeperformedaswell, sincethese
populationsareobserved in upward beamregions. Further
statisticalstudiesof theperpendicularscalesizesof solitary
structuresareneeded,sincesingle-observationestimatesof
perpendicularscalesizearedifficult.
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